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Abstract

HE dynamic problem of the growth of a thin homogene-

ous strip delamination in a thick base plate under axial
loading has been studied with a Griffith-type fracture criterion
adopted. The variational equation of motion and the dynamic
local growth condition at the crack tip are derived. The result-
ing nonlinear free boundary problem is solved by a numerical
technique that combines both the finite element method and
the Newton-Raphson iterative method. The local growth con-
dition at the delamination front is examined at each time step
of the integration process. It is found that the ratio of the ap-
plied compressive strain to the bifurcation strain of the
delaminated layer is an important parameter in determining
the delamination growth behavior. The results of the present
analysis are compared with those of the quasidynamic analysis.

Contents

The geometry, material properties, boundary conditions,
and loading conditions are important factors in determining
the initiation, development, and termination of delamination
buckling and growth in a compressed laminate. The effects of
these parameters have been chosen as the subjects of consider-
able research work!~* recently. Although the effect of geomet-
rical nonlinearity was taken into account, the inertial effect in
the dynamic growth of delamination was ignored in most ana-
lyses. However, when the speed of delamination growth is
fast, the deflection, force, and moment resultants near the

delamination front can be significantly affected by the inertial -

effect. :
In this paper, the dynamic growth behavior of a thin, homo-
genous, strip delamination in a thick orthotropic base plate
under axial loading is studied. The delaminated layer buckles
when the compressive strain in the base plate exceeds the
bifurcation strain of the layer. Delamination growth then oc-
curs when the strain is further increased to satisfy the local
growth condition at the crack tip. Under this circumstance,
the energy release rate at the delamination front equals the
specific fracture energy of the material. Thereafter, the axial
strain is maintained constant as the delamination growth con-
tinues. A quasidynamic solution based on static postbuckling
deformation and a global energy balance condition was given®
previously for this nonlinear free boundary problem. This ap-
proximate solution is accurate for slow delamination growth
speed but becomes unreliable for fast delamination growth
rate because the local growth condition at the crack tip is not
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satisfied and the assumed deflection deviates significantly
from the actual dynamic deflection. For the present work, the
dynamic growth of the delaminated layer is formulated by a
variational principle coupled with a Griffith-type fracture cri-
terion. All the energies, including bending, membrane, ki-
netic, and fracture, are considered in the derivation. Both the
deflection and delamination length are functions of time and
take as variational terms. The derived variational equation
with the local growth condition at the delamination front is
then solved by a numerical technique that combines both the
finite element method and the Newton-Raphson  iterative
method. Because of the symmetry, only half of the
delaminated layer is considered. A one-dimensional beam-
column model is adopted and divided into elements with two
nodal points and four degrees of freedom (i.e., the deflection
and rotation at each node). The delamination configuration
and the finite element model are shown in Fig. 1. At the initia-
tion of delamination growth, the delaminated layer is divided
into 20 elements. As the delamination growth continues, if the
length of the element at the crack tip exceeds 1.5 times its orig-
inal length, a new element is added into the model. With this
model, the problem reduces to a system of nonlinear equations
of motion and a moving boundary condition at the delamina-
tion front with the degrees of freedom at nodal points and
delamination length as unknowns. A direct integration
method is used to solve this system of ordinary differential
equations. Whether the delaminated layer grows or not at each
time step is determined by the Griffith type of fracture crite-
rion. The trajectory of the moving boundary in the space-time
plane is solved iteratively by the Newton-Raphson method to
satisfy the local growth condition. This developed scheme is
proven to be reliable and effective in solving the dynamic pro-
blems of delaminated growth.

The axial compressive strain in the base plate needed to in-
itiate delamination growth is an increasing function of the spe-
cific fracture energy. Let o denote the ratio of this axial strain
to the bifurcation strain of the delaminated layer at the begin-
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Fig. 1 Delamination growth model.
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Fig. 4 Delamination profile for o = 1.3.

ning of deélamination growth, which can be used to
characterize the specific fracture energy’ of the material.
From the static analysis of strip delamination for the thin-film
model,! it is found that the value of « should be between 1 and
" 3 if delamination growth occurs. The analysis also predicts
that for 1.5<a<3, delamination growth continues until a
state of arrest is reached. However, for 1 <a< 1.5, delamina-
tion grows continually to infinite length. The same conclu-
sions are also obtained with either the quasidynamic analysis’

or the present analysis. For 1.5 <a <3, the arrested lengths at
the end of delamination growth calculated by the present anal-
ysis and the quasidynamic analysis are in excellent agreement
but give much larger values than those of the static analysis.!
It shows that for cases with slow delamination rate
(1.5<a < 3), the inertial effect is important and should not be
ignored in the calculation of the final arrested delamination
length. :

Figure 2 shows the change of normalized delamination
length a(t)/a, (4, is the initial delamination length) with nor-
malized time ¢,#/2a, (c, is the flexural wave speed) for dif-
ferent values of parameter o from the present analysis and
quasidynamic analysis. Figure 3 shows the change of normal-
ized growth rate at the dalamination front a(z)/c, with nor-
malized delamination length a(f)/a,. For 1.5 <a< 3, the
delamination growth speed increases at first, then decreases to
zero and reaches the arrested state. It is found that the maxi-
mum growth speed calculated is smaller than the flexural wave
speed c,. The fact that the results from the quasidynamic anal-
ysis and the present analysis are in-good agreement for
1.5 < o< 3 suggests that the profile of deflection does not devi-
ate appreciably from that of the static postbuckling deflection.

For 1<a< 1.5, the delamination growth continues all the
way and catastrophic delamination growth is predicted by
both the present analysis and quasidynamic. analysis.
Although both analyses indicate qualitatively similar be-
haviors, they are quantitatively different. In quasidynamic
analysis, since the local growth condition at the delamination
front is not satisfied, the strain energy release rate can be sev-
eral times larger than the specific fracture energy. In addition,
the actual deflection profile begins to deviate from that of the
static postbuckling deflection as the delamination grows.
These explain the difference between the two analyses and can
be demonstrated by comparing the deflection profiles ob-
tained from both analyses. Figure 4 shows the deflection pro-
files at the initial and two intermediate states of delamination
growth for or=1.3. It is found that the amplitudes of deflec-
tion at intermediate states from quasidynamic analysis are in
general greater than those from the present analysis and the
differences become larger as delamination growth continues.
The deflection profiles from these two analyses also deviate
significantly at intermediate states. This indicates that besides
the fundamental buckling mode, i.e., the static postbuckling
mode, which is assumed to be the deflection function in
quasidynamic analysis, the higher modes are introduced in the
present analysis and become more important with magnified
inertial effect. :

References

1Chai, H., Babcock, C. D., and Knauss, W. G., “One Dimen-
sional Modeling of Failure in Laminated Plates by Delamination
Buckling,”’ International Journal of Solids and Structures, Vol. 17,
No. 11, 1981, pp. 1069-1083. .

2Bottega, W. J., and Maewal, A., “Delamination Buckling and
Growth ‘in Laminates,”” Journal of Applied Mechanics, Vol. 50,
March 1983, pp. 184-189. .

3Whitcomb, J. D., “Parametric Analytical Study of Instability
Related Delamination Growth,”’ Composites Science and Technol-
ogy, Vol. 25, 1986, pp. 19-48.

4Yin, W. L., Sallam, S. N., and Simitses, G. J., ‘“Ultimate Axial
Load Capacity of a Delaminated Beam-Plate,”” AIAA Journal, Vol.
24, No. 1, 1986, pp. 123-128.

5Yin; W. L., ““Energy Balance and the Speed of Crack Growth in a
Buckled Strip Delamination,”” Proceedings of the AIAA/SAE/
ASME/ASEE 28th Structures, Structural Dynamics, and Materials
Conference, AIAA, New York, April 1987, pp. 748-765.



